Hematopoietic stem cell transplantation (HSCT) is associated with impaired physical and psychological functioning for some long-term survivors. A risk prediction model would help clinicians estimate their patients' physical and psychological functioning after HSCT and refer to added supportive care when appropriate. The purpose of the present study was to develop risk prediction models for physical and psychological functioning in HSCT survivors. This was a secondary analysis of data from a randomized controlled trial that included 3-10 year HSCT-survivors. Risk predictions for physical and psychological functioning were developed by using backward logistic regression. The models were internally validated using bootstrapping techniques. Regression coefficients were converted into easy to use risk scores. Finally, the sensitivity, specificity, and positive and negative predictive values of the total risk score were calculated. Analyses included 489 survivors, with a mean age of 45.6 (SD 12.4), 47% female, and mean of 6.1 years (SD 2.0) after transplant. Younger age, higher BMI, no or part time work, more comorbid diseases, autologous transplantation, and chronic graft-versus-host disease predicted impaired physical functioning. Female gender, younger age, higher BMI, not living with a partner, autologous transplantation, and chronic graftversus-host disease predicted impaired psychological functioning. While both models had predictive value for long-term functioning, accuracy was only moderate. We conclude that it is possible to predict long-term physical and psychological functioning with readily accessible, mostly pretransplant predictors. The accuracy of the risk prediction models can be improved for use in clinical practice, potentially with the addition of other pretransplant functioning factors.
Background
Hematopoietic stem cell transplantation (HSCT) for hematological malignancies is associated with impairments in patients' health-related quality of life (QOL) for many years after transplantation [1] [2] [3] [4] . QOL impairments partly stem from chronic health problems [5, 6] , which continue for approximately two-thirds of HSCT long-term survivors [7] . Emotional symptoms also occur and influence QOL, with 20% to 45% of long-term survivors having at least some psychological distress, and 9% to 20% being clinically depressed [1, [8] [9] [10] [11] [12] .
A risk prediction model for long-term QOL would help clinicians estimate their patients' physical and psychological functioning after HSCT and focus resources on added supportive care for those most in need. To our knowledge, risk prediction models for post-transplant functioning in HSCT survivors have not been developed. However, some factors predictive of physical and psychological well-being in the years after HSCT have been identified, with most studies focusing on the first post-transplant year, and a few on the 2 to 5 years after HSCT. A recent review [13] reported strong to moderate evidence for predictors of impaired posttransplant functioning, including sociodemographic factors such as younger age [14, 15] and female gender [3, [15] [16] [17] [18] ; medical factors including conditioning regimen [19, 20] and chronic graft-versus-host disease (cGVHD) [15, 21] ; and psychosocial factors including pretransplant distress [3, 16, 17, 22, 23] and low social support [3, 24, 25] . The purpose of the present study was to identify the risk prediction models best predicting physical and psychological functioning in long-term HSCT survivors. For useful models, the variables necessary to make predictions should be widely available [26] . We therefore focused on sociodemographic and medical factors, which are readily available in patients' medical records. Based on previous research, we hypothesized that the predictors for impaired functioning would include female gender, younger age, having no partner, and an intensive conditioning regimen. Additionally, we examined whether education, employment status, body mass index (BMI), diagnosis, type of transplant, disease risk, number of comorbid diseases and cGVHD would add value to our prediction models.
Materials and methods

Design
All predictors (except cGVHD and comorbidity) were measured pretransplant, and derived from patients' medical record. Outcome was assessed 3-10 years later; data were derived from the baseline assessment for a randomized controlled trial (RCT, see below) [27] including 3-10 year HSCT survivors.
Patients and procedures
Data were derived from the baseline assessment for an RCT (NCT00799461). The trial provided an online secure patient portal and website for HSCT survivors treated at one transplant center. A detailed description of the study design and sampling frame has been published previously [27] . Eligible participants for the trial were identified through the transplant center's research database. Eligibility criteria comprised: survivors of hematologic malignancy, between 3 and 18 years after their first HSCT, at least 18 years of age at time of approach for the study, and living in the USA or Canada. Additionally, study participants had to have access to the Internet, no known recurrence or second cancer treated in the previous two years (other than cancer treated only with surgical excision), and the ability to read and understand English adequately to complete the assessments. All procedures were reviewed and approved by the Fred Hutchinson Cancer Research Center's institutional review board.
For the current study, to improve homogeneity of the sample, we restricted the analyses to 3-10 year survivors, who had been ≥ 18 years old at time of transplantation. Further, we limited the eligible diagnoses to acute leukemia, myelodysplasia, chronic myeloid leukemia, lymphoma, or multiple myeloma.
Measures
Outcome measures Two outcomes were modeled: physical functioning and psychological functioning. To assess physical functioning, we used the physical functioning subscale of the Short-Form Health Survey -36 (SF-36), a widely used self-report QOL questionnaire with strong psychometric properties [28, 29] . Cut-off scores were set at the 25 th percentile according to the SF-36 version 2.0 general population norms, and were adjusted for age group (18-24 years, 25-34 years, 35-44 years, 45-54 years, 55-64 years, 65-74 years, and 75 years and over). For psychological functioning, we used the Cancer and Treatment Distress (CTXD) scale. The CTXD is a 22-item self-report questionnaire measuring cancer-specific distress rated from none (0) to severe (3) for factors such as uncertainty, health burden, family strain and finances [3] . Cancer and treatment related distress has been shown to better predict distress among HSCT recipients than generalized measures of depression and anxiety [23, 30] . Internal consistency of the CTXD is strong [3, 23, 30] . A total mean score was calculated, and a cutoff score of 1.11 was used [31] . To ease interpretation of our results, both outcome measures were coded in the direction that scoring above the cutoff point indicated impaired functioning.
Potential predictive factors Potential risk factors included age, gender, BMI, education, diagnosis, living with partner, employment status, type of transplant, pretransplant conditioning, and disease risk. Age and BMI were used as continuous variables. Gender (male versus female), education (<4-year college degree versus 4-year college degree or higher), living with partner (yes versus no), and type of transplant (autologous versus allogeneic) were used as dichotomous variables. Categorical variables with three or more categories were diagnosis (acute leukemia/MDS, chronic myeloid leukemia, lymphoma, multiple myeloma), employment status (full time work or school, part time work or school, homemaker/retired/unemployed), pretransplant disease risk index (low, intermediate, high, depending on diagnosis and disease status with no survivors in the very high risk category [3, 32] ), and pretransplant conditioning (nonmyeloablative, myeloablative with chemotherapy conditioning only, myeloablative with chemotherapy and total body irradiation conditioning).
Two potential predictors were only available at time of the outcome assessment. Number of comorbid diseases was assessed with the Katz comorbidity scale [33] , and used as a dichotomous variable (≤2 comorbid diseases versus 3 or more comorbid diseases). Chronic GVHD was measured following the criteria of the National Institute of Health (NIH) and included as a dichotomous variable (no/limited versus clinical extensive). All potential prognostic factors were derived from patients' medical record. In cases where a patient had undergone autologous as well as allogeneic transplantations, type of transplant was set at allogeneic (n=32).
Statistical analysis
Descriptive statistics (means, standard deviations and frequencies as percentages) were used to describe sample characteristics. Two prognostic models were developed: one for physical functioning and one for psychological functioning. The same procedure was followed for both models. The variables age and BMI were tested for linearity by means of spline curves and spline regression models [34] . Based on these tests, both variables were introduced in the models as continuous variables.
The univariable odds ratios of the observed data were calculated by logistic regression analyses. Multiple imputation of missing values was performed by using the Multivariate Imputation by Chained Equations (MICE) procedure [35] . This is a regression-based method which estimates missing values by using an imputation model including information from other complete variables in the dataset. Based on the percentage of missing cases in the multivariable models (17%), we created 20 different imputed datasets [36] .
To evaluate if we had to control for a various time since transplantation between patients, this time variable was added to the model as an offset variable after natural logarithmic transformation. This did not influence the model fit and regression estimates, and therefore a fixed end-point was chosen to determine the outcome variable. All potential prognostic variables were entered into a multivariable logistic regression model, taking into account the multiple imputed datasets [37] . A backwards stepwise selection procedure was used to achieve the most informative and parsimonious combination of predictors. Akaike's information criterion (p<0.157) was used as selection criterion [38] . The probability of having impaired physical functioning or psychological functioning was calculated by using the following formula: P impairment = e (β0+β1· x1+β2· x2+…+βn· xn) /1+e (β0+β1· x1+β2· x2+…+βn· xn) , in which P is the probability of having impaired physical functioning or psychological functioning, β0 represents the constant and β 1 , β 2 and β n are the regression coefficients of the predictors x 1 , x 2 , and x n , respectively, after having been pooled. Then, using these predicted probabilities, a receiver operating characteristic (ROC) curve to determine discrimination was made. Discrimination was also assessed by calculating the area under the ROC curve (AUC). The goodness-of-fit of the models (agreement between the observed outcome probabilities and the predicted probabilities from the prognostic models) was tested by applying the Hosmer Lemeshow test [39] . The explained variance of the model was assessed by use of Nagelkerke's R 2 . Internal validation was performed using bootstrapping techniques. Bootstrapping techniques provide information on the performance of the model in comparable datasets, and generate a shrinkage factor which is used to adjust regression coefficients and performance measures [40] .
To calculate easy to use risk scores, the regression coefficients of the predictors in the pooled model were divided by the lowest regression coefficient of the model and rounded to the nearest integer. Subsequently, these individual scores were summed to calculate the total risk score for each patient. Finally, the sensitivity, specificity, and positive and negative predictive values of the risk score values were calculated.
All statistical analyses were performed using IBM SPSS statistics version 20.0 (IBM SPSS Statistics for Windows, Armonk, NY, USA) and R version 3.1.0 (R Project for Statistical Computing).
Results
Those eligible for this secondary analysis were as follows. Of 744 potentially eligible approached and reached survivors, 489 participated (66% response rate). Younger age and belonging to a non-white racial group were associated with not completing the baseline assessment. The 489 participants consisted of 47% females, with a mean age of 45.6 years, and 69% of survivors lived with a partner. Most were white (n=454, 93%) and non-Hispanic (n=478, 98%). The majority of survivors (69%) had been treated with allogeneic and myeloablative HSCT. Length of follow-up was mean 6.1 (SD 2.0) years. Impaired physical functioning was present in 11% of survivors; impaired psychological functioning was present in 21%. Table 1 presents the characteristics of the study sample, and the prevalence and univariable odds ratios for the observed non-imputed data.
After backward selection, the prediction model for physical functioning consisted of the following variables: younger age, higher BMI, employment status (part time work or homemaker/ retired/ unemployed, compared with full time work), comorbidity (3 or more comorbid diseases), autologous transplantation, and cGVHD (extensive). The probability of having impaired physical functioning for a HSCT survivor ranged from 0% when none of the predictors were present (calculated with age=73 and BMI=15) to 95% when all of the predictors were present (calculated with age=18 and BMI=54) ( Table 2 ). The HosmerLemeshow goodness-of-fit test was not significant, indicating that the model fits the data well. After internal validation, the AUC was 0.74, Nagelkerke's R 2 was 0.14.
The prediction model for psychological functioning consisted of the following variables: female gender, autologous transplantation, younger age, higher BMI, not living with partner, and cGVHD (extensive). The probability of having impaired psychological functioning for a HSCT survivor ranged from 2% when none of the predictors were present (calculated with age=73 and BMI=15) to 95% when all of the predictors were present (calculated with age=18 and BMI=54) ( Table 2 ). The Hosmer-Lemeshow goodness-of-fit test was not significant. After internal validation, the AUC was 0.69, Nagelkerke's R 2 was 0.12.
All regression coefficients were transformed into risk scores to facilitate the use of the models for predicting the risk of facing impaired physical or psychological functioning. The model for physical functioning using these risk scores was: The total risk score values ranged from 45 to 251; the optimal cutoff was 160. At this cutoff point, sensitivity of the model was 51.9 and specificity 82.8 (Table 3) . The total risk score values ranged from 79 to 319; the optimal cutoff was 140. At this cutoff point, sensitivity of the model was 83.3 and the specificity 42.9 ( Table 4 ). The diagnostic and predictive values of the two models, according to different cutoffs (per 20 points) in the total risk score are shown in Table 3 and Table 4 .
Discussion
In the present study, we examined whether risk prediction models consisting primarily of accessible pretransplant variables could predict long-term physical and psychological functioning in HSCT survivors. We identified younger age, higher BMI, employment status (part time work, or homemaker/ retired/ unemployed, as opposed to full time work), more comorbid diseases, autologous transplantation, and extensive cGVHD as predictors of impaired physical functioning. Female gender, younger age, higher BMI, not living with a partner, autologous transplantation, and extensive cGVHD predicted impaired psychological functioning. We showed that while both risk models for physical functioning and psychological functioning had predictive value, accuracy was only moderate.
To our knowledge, prediction models for long-term functioning in cancer patients, particularly after HSCT, have not been developed before. With the current study, we took an important first step. The AUCs of the models were 0.74 and 0.69 for physical functioning and psychological functioning, respectively. This means that 74% and 69% of the participants were classified correctly. In general, AUCs between 0.60 and 0.70 are regarded as poor, and between 0.70 and 0.80 as fair.
As pretransplant physical and psychological functioning, as well as pretransplant comorbidities, are known to be significant predictors of later functioning [3, 16, 17, 22, 23] , the addition of information on patients' pretransplant physical and psychological functioning along with comorbidities would likely strengthen the risk prediction models at pretransplant. Information on pretransplant functioning is not routinely available to clinicians, but is now easy to capture with electronic patient reported outcomes. Our results indicate that it would be worth the effort to make these standard in clinical practice for their value in allowing improved prediction of late outcomes. Further, adding information on patients' comorbidity status pretransplant would allow the model to be entirely calculated prior to transplant. Regarding the outcome measures, we used the physical functioning subscale of the SF-36 instead of the physical component summary measure, as the physical functioning subscale is a more direct measure of physical capacity, and therefore easier to interpret. We undertook additional analyses to test whether using the physical component summary measure would lead to a better prediction model, but the accuracy did not improve (data not shown).
Compared with results from previous studies, we identified some consistent predictors of long-term physical and psychological functioning and had some divergent findings. For physical functioning, we found that younger age predicted impaired physical well-being. Previous findings on age as a predictor have been inconsistent: younger age predicted impaired physical well-being in autologous transplanted patients, but better physical well-being in allogeneic transplant patients in one study [15] ; another study showed that younger age predicted better physical well-being [41] . An explanation for younger age being associated with worse physical well-being is that younger patients might experience more competing demands and face multiple responsibilities requiring more energy compared with older patients, potentially leading to a perception of poorer abilities [42] . In addition, age-adjusted norms were used for impairment functioning cutoff points. For older survivors, their impairments may not be as notable when compared with accumulating comorbidities that occur with age. In addition, we identified higher BMI as predictor. In a previous study, pretransplant values of BMI were not significantly related to post-transplant functioning, and evidence was only found for higher BMI as time-dependent covariate to predict better physical functioning [15] . Type of transplant did only predict physical functioning when cGVHD was added to the model; in that case, autologous transplantation predicted worse physical functioning. Consistent with our findings, it has been shown in short-term survivors that autologous transplanted patients experience worse physical functioning in the first year post-transplant, and that cGVHD predicts worse physical well-being [43] . Another study found no significant differences in physical functioning between patients not reporting cGVHD after allogeneic transplantation and those who underwent autologous transplantation [15] . In contrast, our findings suggest that allogeneic transplant recipients who do not develop clinically extensive cGVHD have better physical function than autologous transplanted patients. However, clinically extensive cGVHD confers a greater risk than autologous transplant status. We recognize that it is likely not the autologous transplant that confers the added risk, but the composite factors that determine type of transplant, such as disease, prior treatments used for those diseases, and lack of appropriate donor. Finally, presence of 3 or more comorbid diseases predicted worse physical functioning. Pretransplant comorbidities have been found to predict several worse outcomes after allogeneic transplantation [44] .
For poorer psychological functioning, we identified female gender and younger age to be predictive factors. This is in accordance with the literature [16, 18, 45, 46] . Also pretransplant social support has been shown to predict post-transplant psychological functioning [23, 25] . Although we did not measure social support, having no partner predicted impaired psychological functioning, and may reflect less social support. We identified higher BMI as predictive of impaired psychological functioning. This is inconsistent with a previous study [15] , which found higher BMI as a time-dependent covariate to predict better psychological functioning, and a large decline in BMI to predict worse functioning. Our findings that autologous transplant type and cGVHD predicted worse functioning are similar to our findings for physical functioning, as discussed above.
The current study has certain strengths and limitations. Strengths include the large sample size and relatively diverse range of transplant-related factors, as well as the long range of time since transplant. Limitations include the lack of prospective assessment from before transplant and potential bias in the study sample participants, i.e. survivors had been accrued for a study for which internet access was required, and from which survivors with a known recurrence or second cancer actively treated in the previous two years were excluded. Further, the model contained two post-transplant variables: comorbidity and cGVHD. Comorbidity may not exactly represent pretransplant comorbidity, as some conditions could have developed after transplantation. In prospective studies, the pretransplant HCTComorbidity Index would be used [47] . We tested whether the other predictors in the model would be influenced by leaving the post-transplant variables out of the model. This was not the case; the only change was that the addition of cGVHD to the model resulted in the inclusion of autologous transplant as having predictive value.
Based on our experience, there are some recommendations for future research. First, as mentioned before, it would be worthwhile to evaluate the value of adding pretransplant physical and psychological functioning and comorbidities to the model. Further, our prediction model was aimed at HSCT survivors specifically, but risk factors for impaired physical or psychological functioning in long-term survivors are quite similar across various cancer populations [48] , apart from specific disease-or treatment-related characteristics like cGVHD. It might therefore be possible to develop a general prediction model for cancer patients, with addition of disease and treatment characteristics for specific cancer groups. For this, further identification of potential risk factors is necessary.
We conclude that it is possible to predict physical and psychological functioning with readily accessible risk factors. However, the accuracy of the prediction models as developed in this study needs improvement for use in clinical practice. In the current study, younger age, higher BMI, employment status (part time work, or homemaker/ retired/ unemployed), more comorbid diseases, autologous transplantation, and extensive cGVHD predicted impaired physical functioning. Female gender, younger age, higher BMI, having no partner, autologous transplantation, and extensive cGVHD predicted impaired psychological functioning.
